OBJECTIVE -Systemic inflammation is associated with the development of type 2 diabetes. We tested the hypothesis that increased inflammation, measured early in pregnancy, is associated with the subsequent development of gestational diabetes mellitus (GDM), a precursor of type 2 diabetes.
G
estational diabetes mellitus (GDM), defined as the new onset or new diagnosis of glucose intolerance during pregnancy, complicates ϳ4% of pregnancies (1) . This estimate will likely increase in the future, given the alarming increase in rates of obesity and type 2 diabetes among young women in the U.S. (2) . Like type 2 diabetes, GDM results from a combination of increased insulin resistance and impaired pancreatic insulin secretion (3, 4) , and women with a history of GDM are at significantly increased risk of developing type 2 diabetes in the future (5) .
Type 2 diabetes is an important cause of cardiovascular disease, and the latter is a leading cause of death among patients with diabetes (6) . Although effective strategies for primary prevention of cardiovascular disease continue to evolve, by the time type 2 diabetes is diagnosed, many patients already manifest established cardiovascular disease (7) . Therefore, effective prevention in patients destined to develop diabetes requires earlier intervention against cardiovascular risk factors or primary prevention of diabetes itself. Recent studies involving ACE inhibitors (8) , statins (9) , and lifestyle modification (10) offer potentially promising means to prevent diabetes in high-risk individuals. As the role of these interventions become more clearly defined, further understanding of early mechanisms of type 2 diabetes and its cardiovascular complications is needed to identify additional targets for primary prevention.
Inflammation, marked by increased serum levels of C-reactive protein (CRP), is an important independent risk factor for cardiovascular disease (11) (12) (13) (14) (15) . Inflammation is also associated with insulin resistance (16 -18) , and prospective studies indicate that increased inflammation at baseline is an independent risk factor for the future development of type 2 diabetes (19 -23) . The molecular basis for the link between inflammation and diabetes likely relates to the actions of cytokines such as interleukin-6 (IL-6) and tumor necrosis factor (TNF)-␣, which induce insulin resistance and stimulate the acute phase inflammatory response (24 -27) . Collectively, these data suggest that inflammation is a distinct feature of the atherogenic, prediabetic state. Although GDM represents a unique precursor of type 2 diabetes, whether inflammation is similarly associated with the development of GDM is unknown. Therefore, we tested the hypothesis that increased CRP levels, measured early in pregnancy, are associated with the subsequent development of GDM.
prospectively study metabolic and hypertensive disorders of pregnancy (28) . All women who receive prenatal care at the Massachusetts General Hospital or its affiliated health centers are eligible for inclusion in the MOMS cohort. Potential subjects are offered inclusion at their first prenatal visit, which is typically between 10 and 12 weeks' gestation. Nonfasting serum samples are collected at the conclusion of the first prenatal visit from women who provide written informed consent to participate in the study. The serum samples are frozen at Ϫ80°C and aliquots are thawed only for laboratory analysis. Baseline, intrapartum, and postpartum data are collected prospectively from all participants at the point of care by the patients' caregivers. Trained clinical staff enters the data into a computerized electronic record, which serves as the primary medical record used by the Department of Obstetrics and its affiliates. Baseline data collected during the first prenatal visit (when blood is obtained) include age, race, past medical and obstetric history, medications, smoking, height (obtained from patient self-report), weight (directly measured), and blood pressure. Blood pressure, urinalysis and other laboratory test results are recorded at each subsequent prenatal visit. Details of pregnancy complications and outcomes are documented in the electronic record and ascertained after delivery using researchspecific criteria. The prospective design of the MOMS cohort, for which all women are recruited long before adverse pregnancy outcomes manifest, ensures that at the time of enrollment no subjects are known to have GDM. The institution's human subjects committee approved the study.
All women in the MOMS cohort without a history of antenatal type 1 or type 2 diabetes underwent routine GDM screening with the 50-g oral glucose-loading test (GLT) between 24 and 28 weeks' gestation. In the nonfasting state, subjects consumed 50 g of oral glucose beverage and glucose levels were assayed in 1-h postloading plasma samples. Women whose 1-h postloading plasma glucose level was Ͼ7.8 mmol/l were considered to be at increased risk for GDM and underwent a diagnostic, fasting, 100-g, 3-h oral glucose tolerance test (GTT) within 1-2 weeks following the GLT. Glucose levels were assayed in baseline fasting plasma samples and in three postchallenge plasma samples collected at 1-h intervals. Women were diagnosed with GDM if two or more of the four GTT glucose levels exceeded the American Diabetes Association (ADA) criteria (1): fasting Ͼ5.3 mmol/l; 1-h postchallenge Ͼ10.0 mmol/l; 2-h postchallenge Ͼ8.6 mmol/l; 3-h postchallenge Ͼ7.8 mmol/l.
Between September 1998 and July 2001, 2,251 of the 3,320 women enrolled in the MOMS cohort completed their pregnancy. Overall, ϳ60% of eligible women enrolled during the study period, and participants and nonparticipants, were similar with regard to baseline and delivery characteristics, as well as rates of GDM. Among these 2,251 women, GDM was diagnosed in 69. Using the American College of Obstetrics and Gynecology's criteria to define GDM yielded the identical 69 cases (29) . This incidence of 3.1% mirrors rates reported from other cohorts (1) . Five women enrolled after 14 weeks' gestation and were excluded. Ten women were diagnosed with GDM early in pregnancy before routine screening because of signs and symptoms of hyperglycemia or because of overt hyperglycemia (Ͼ11.1 mmol/l) identified in random, nonfasting blood tests. Although these women have GDM according to strict ADA definition (1), they were excluded from this study to avoid potential confounding by preexisting diabetes that may have been present at the initial prenatal visit when serum was obtained. Given the association of hypertension and preeclampsia with increased CRP levels (28, 30) , seven women with GDM were excluded because of a history of chronic hypertension or because they later developed preeclampsia or gestational hypertension. Next, individual prenatal flow sheets of each of the remaining 48 potential subjects were manually reviewed. Based on this review, two women were excluded because of a past medical history of chronic inflammatory disease, and an additional two were excluded because of active infection at the first prenatal visit when serum was collected. Finally, one subject had insufficient serum volume for CRP assay, leaving a final sample of 43 cases of GDM for the current study. Baseline and delivery characteristics of these 43 women were similar to the characteristics of women who declined enrollment in MOMS and subsequently developed GDM (data not shown).
There were 2,182 women enrolled in MOMS who completed pregnancy and remained free of GDM. Women whose 1-h post-GLT glucose level was Ͼ7.8 mmol/l but whose GTT results did not meet criteria for GDM (0 or 1 abnormal glucose levels) were excluded. Next, the identical algorithm used to select cases was used to narrow the group of control subjects. Women who enrolled after 14 weeks, or delivered before 30 weeks' gestation, those who had a history of chronic hypertension, type 1 or type 2 diabetes, and those who developed hypertensive disorders of pregnancy were excluded, leaving 1,672. From this pool of eligible control subjects, 96 (2 for each case) were randomly selected for the current study using random number-generating software. Upon manual review of each of the potential control subjects' prenatal flow sheets, one woman was excluded because of a history of chronic inflammatory disease and another because of active infection at the time of her first prenatal visit, leaving a final sample of 94 control subjects.
Dedicated study technicians who were blinded to clinical details processed all samples identically. Frozen serum samples were sent on dry ice by overnight courier to Quest Diagnostics (Cambridge, MA). Technicians blinded to GDM status tested batched samples containing a random mix of case and control subjects for CRP using the high-resolution N-latex CRP monoassay. This assay has a sensitivity of 0.2 mg/dl, an intra-assay coefficient of variation (CV) of 4.4%, and an interassay CV of 5.7%. All glucose levels were measured using standard glucose oxidase assays with an intra-and interassay CV of Ͻ2%.
Analyses were performed with STATA statistical package (STATA, College Station, TX). Continuous variables were compared using two sample Student's t tests or Wilcoxon's rank-sum test, and categorical variables were compared using Fisher's exact test. Due to the rightward skew of the CRP distributions, we compared median CRP levels among case and control subjects using Wilcoxon's rank-sum test. Correlation between CRP and selected covariates was calculated with Spearman coefficients. Study subjects were divided into tertiles based on the distribution of CRP among control subjects. Logistic regression was used to calculate unadjusted and multivariableadjusted odds ratios (ORs) and 95% CIs for developing GDM with the lowest tertile serving as the reference group. In the multivariable models, age, blood pressure, and gestational age at enrollment and BMI were modeled as continuous variables, while parity (0, 1-2, or Ͼ2), race/ethnicity (nonwhite/Hispanic or white/non-Hispanic) and smoking (never, remote, or current) were modeled as categorical variables. Two-tailed P values Ͻ0.05 were considered statistically significant.
RESULTS -Baseline and delivery characteristics of all subjects are presented in Table 1 . The average gestational age at the time of the first prenatal visit when serum was sampled for CRP was between 10 and 11 weeks and was no different among case and control subjects. Women who subsequently developed GDM were heavier and more likely to be nonwhite or of Hispanic ethnicity. There was no difference in age, smoking, parity, and blood pressure among case and control subjects. Women with GDM were more likely to deliver by cesarean at younger gestational ages. Despite their significantly younger gestational age at delivery, babies born to mothers with GDM had similar birth weight as babies born to euglycemic mothers. Three women delivered twins, and two of these women developed GDM.
Women who developed GDM displayed significantly increased firsttrimester CRP levels compared with control subjects (3.1 vs. 2.1 mg/l; P Ͻ 0.01). Among all subjects, there was significant correlation between subjects' first-trimester CRP levels and their 1-h post-loading glucose levels (r ϭ 0.26; P Ͻ 0.01). Among women diagnosed with GDM, there was a trend in favor of a correlation between CRP levels and area under the GTT curve (r ϭ 0.29; P ϭ 0.07). CRP was significantly correlated with BMI (r ϭ 0.55; P Ͻ 0.01) and systolic blood pressure (r ϭ 0.26; P Ͻ 0.01). Of the 43 subjects with GDM, 5 required insulin. The median CRP level among these subjects was 13.0 mg/l.
Subjects were divided into CRP tertiles using cut points defined by the distribution of CRP among control subjects (tertile 1, Ͻ1.3; tertile 2, 1.3-4.0; tertile 3, Ͼ4.0 mg/l). The unadjusted and multivariable-adjusted risk of developing GDM within the upper CRP tertiles relative to the lowest tertile is displayed in Table 2 . In the unadjusted model, subjects in the second (OR 2.2 [95% CI 0.8 -6.0]) and third (OR 3.2 [95% CI 1.2-8.8]) tertiles were at increased risk of developing GDM compared with subjects in the lowest tertile (P for linear trend Ͻ0.01). After adjusting for age, race, ethnicity, smoking, parity, blood pressure, and gestational age at CRP sampling, women in the second (OR 2.0 [95% CI 0.7-5.9]) and third (OR 3.6 [95% CI 1.2-11.4]) tertiles remained at increased risk for GDM compared with the lowest tertile (P for linear trend Ͻ0.01). When BMI was added to the model, the risk of GDM among the upper CRP tertiles was attenuated. Although the ORs for the upper CRP tertiles in that model suggested increased risk of GDM compared with the reference group, the effect was not statis- CONCLUSIONS -In this prospective study we identified an association between first-trimester inflammation, marked by increased CRP levels, and subsequent risk of GDM. This effect was independent of established risk factors for GDM such as age, multiparity, smoking, non-white race/Hispanic ethnicity (31) . The increased risk of GDM was attenuated, however, when we adjusted for BMI, which was highly correlated with CRP. These observations highlight an important association between obesity, inflammation, and risk of developing GDM that previously has not been studied in detail.
Increased serum CRP is a sensitive index of systemic inflammation that has emerged as an independent risk factor for cardiovascular disease (11) (12) (13) (14) (15) . Growing evidence similarly implicates inflammation in the pathogenesis of type 2 diabetes. Inflammation is directly correlated with insulin resistance, as measured by the intravenous GTT (18) or the euglycemic-hyperinsulinemic clamp (32) , and with other features of the insulin resistance syndrome, such as obesity, hypertension, and microalbuminuria (17, 18, (32) (33) (34) . Furthermore, women with the polycystic ovary syndrome, a disorder characterized by insulin resistance and increased risk of type 2 diabetes and cardiovascular disease, display significantly increased CRP levels compared with eugonadal women (32) . In cross-sectional studies, patients with established (16) or newly diagnosed type 2 diabetes (35) displayed increased levels of inflammatory markers compared with control subjects. In prospective studies, increased white blood cell count, IL-6 and CRP levels were independently associated with increased risk of developing type 2 diabetes (19 -23) . The results of this study lend further support to the hypothesis that inflammation contributes to the pathogenesis of glucose intolerance.
The association we identified between increasing CRP levels and subsequent GDM was attenuated when BMI was added to the multivariable model. There are several potential interpretations for this observation. First, one could argue that there is no association between CRP and GDM-rather, CRP confounds the true association between obesity and GDM. This is unlikely, however, given the strong independent association between CRP and type 2 diabetes (23) and the similar pathogenesis of GDM and type 2 diabetes. An alternate interpretation is that insufficient power limited our ability to detect an independent association between CRP and GDM that truly exists. As in other studies (23, 36, 37) , CRP was highly correlated with BMI, but in this study, there was a large difference in mean BMI comparing case with control subjects. The net result is that a greater sample of cases would have been required to identify an effect of CRP on GDM independent of BMI, assuming one exists.
A third interpretation is that rather than confounding the association, BMI and CRP might share a causal diabetogenic pathway; therefore, including BMI in the multivariable model would represent an overadjustment that could potentially obscure an important association that truly exists (20, 38) . Several lines of evidence support this. In epidemiological studies, significant correlation between BMI and CRP has been consistently observed (36, 37) , including a recent prospective study in which increased CRP was associated with future type 2 diabetes in women (23) . In that study, correlation (r) between BMI and CRP was 0.57. From a physiological standpoint, adipose tissue is a major source of basal IL-6 and TNF-␣ secretion (27) . These inflammatory cytokines contribute to increased insulin resistance (24 -26) and stimulate hepatic CRP production. Furthermore, TNF-␣, and not other maternal or placental hormones such as cortisol or human placental lactogen, was recently shown to be the primary mediator of progressive insulin resistance in pregnancy, both in normal pregnancy and in pregnancies complicated by GDM (39) . Therefore, it appears that obesity, inflammation, and diabetes might share a causal pathway. Adjusting for BMI in a model in which the primary exposure of interest is CRP and the primary outcome is biologically linked to insulin resistance may therefore be inappropriate.
This study has several strengths. The prospective design of the MOMS cohort allowed for "real-time" collection of clinical data at the point of care by subjects' caregivers, thereby limiting bias. At the same time, the nested case-control approach allowed CRP levels to be measured in all eligible cases of GDM within the cohort but only in a representative, random subset of control subjects. In addition, the MOMS database was used to exclude women with disorders known to be associated with increased CRP and GDM, such as connective tissue disease, infection, chronic hypertension, and preeclampsia (28) . Furthermore, to limit potential confounding by prevalent diabetes, we excluded women in whom GDM was diagnosed before GLT and GTT screening, and thus might have been present when serum was sampled for CRP. Based on the known association between prevalent diabetes and increased inflammation, one would expect women with early GDM to have increased CRP levels. Therefore, by excluding these women we were more likely to underestimate the true difference in CRP levels among cases of GDM, as defined by ADA criteria, and control subjects.
This study has certain limitations. First, we only measured CRP at one juncture in pregnancy and although there is little short-term variation in CRP levels (40) , CRP does increase during the course of normal gestation (41) . This is, however, one of the first studies to examine the association between CRP and GDM and we adjusted for gestational age of CRP sampling in the analysis. Second, because of the small sample size examined in this nested case-control study, we were unable to identify appropriate cut points to assess the positive and negative predictive values of CRP as a marker for GDM. However, the emphasis of this study was on expanding our understanding of disease mechanisms through the identification of an association not previously reported, rather than evaluating a novel screening or diagnostic method. Larger studies would be needed to examine CRP as a screening method for GDM. Until then, early-pregnancy CRP testing remains a research tool. Third, we were unable to analyze anthropometric measures beyond BMI, such as waist circumference or waist-to-hip ratio. Fourth, the average age of MOMS participants is older than other pregnancy cohorts. Although we did adjust for age, this attribute should be considered when assessing the generalizability of the results. Finally, because collection of clinical data for the MOMS cohort ends with the postpartum visit 6 -8 weeks after delivery, we were unable to determine whether increased firsttrimester CRP levels are associated with progression to type 2 diabetes or its cardiovascular complications. Likewise, whether elevated CRP levels persist during the postpartum period after pregnancy complicated by GDM is also unknown and worthy of further investigation.
The incidence of type 2 diabetes is increasing at an alarming rate, particularly among young women (2) . GDM is a unique prediabetes state that shares common risk factors with type 2 diabetes (31), and similar alterations in carbohydrate metabolism (4) . The results of this study provide further support to the hypothesis that inflammation contributes to the development of glucose intolerance. Furthermore, in this population of young, otherwise healthy women, we detected during early pregnancy increased levels of an important and potentially modifiable risk factor for future cardiovascular disease, months before GDM develops and years before type 2 diabetes or cardiovascular disease develops. While regular postpartum GTT is universally recommended for the early diagnosis of diabetes in women with GDM (1), these results suggest that perhaps postpartum CRP screening might also have a role in the future. The emergence of data that suggest that part of the cardioprotective benefit of statins and renin-angiotensin system blockers is conferred by antiinflammatory effects would support this approach (42, 43) . Furthermore, thiazolidinediones and metformin, which increase insulin sensitivity, also reduce CRP levels (44) , suggesting an additional potential benefit of these agents in this population. Further studies are required to confirm these results and to define a potential role of CRP screening for diabetes, both during and after pregnancy.
